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Key Points:8
• Geothermal heating is the strongest water mass transformation process for abyssal9
waters inside the Panama Basin.10
• Almost all abyssal water mass transformation occurs within the weakly stratified11
bottom boundary layer (wsBBL) hundreds of meters thick.12
• The thickness of the wsBBL may be used to differentiate the basin walls from the13
basin bottom.14
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Abstract15
Diabatic upwelling of abyssal waters is investigated in the Panama Basin employ-16
ing the water mass transformation framework of Walin [1982]. We find that, in large areas17
of the basin, the bottom boundary layer is very weakly stratified and extends hundreds of18
meters above the sea floor. Within the weakly stratified bottom boundary layer (wsBBL)19
neutral density layers intercept the bottom of the basin. The area of these density layer20
incrops increases gradually as the abyssal waters become lighter. Large incrop areas are21
associated with strong diabatic upwelling of abyssal water, geothermal heating being the22
largest buoyancy source. While almost half of all water mass transformation is due to ex-23
treme turbulence downstream the Ecuador Trench, the only abyssal water inflow passage,24
inside the basin, water mass transformation is accomplished almost entirely by geothermal25
heating.26
1 Introduction27
The diabatic upwelling of abyssal waters is arguably the least well understood part28
of the meridional overturning circulation. Introduced by Stommel [1958], the picture of29
a homogeneous, widespread upwelling driven by turbulent mixing with an average diffu-30
sivity of 10−4 m2 s−1 [Munk, 1966] was challenged by direct measurements of the deep31
turbulent dissipation [Polzin et al., 1997]. Deep ocean turbulence turns out to be highly in-32
homogeneous: at least an order of magnitude larger than the canonical estimate of Munk33
[1966] in narrow passages and canyons, and over rough bathymetry, but an order of mag-34
nitude smaller in most of the rest of the ocean. Consequently, there is a prevailing notion35
that the bulk of the abyssal water upwelling occurs in localized regions of complex and36
rough bathymetry.37
In recent years, however, it has been argued that bottom intensified mixing could38
lead to deep waters becoming denser, rather than lighter, and therefore to diabatic down-39
welling, rather than upwelling [Klocker and McDougall, 2010; de Lavergne et al., 2016;40
Ferrari et al., 2016]. The density flux due to diapycnal mixing is commonly parametrized41
as K zγz , where K
z is the vertical turbulent diffusivity and γz is the vertical density gra-42
dient. In the deep ocean, stratification rapidly increases upwards. Thus, if turbulent dif-43
fusivity were uniform in the vertical, the stronger density flux at lighter densities would44
cause density flux divergence, i.e., buoyancy convergence, or diabatic upwelling. However,45
observations show that turbulent kinetic energy (TKE) dissipation can rapidly increase46
with depth above rough bathymetry [e.g., Ledwell et al., 2000]. Assuming that the turbu-47
lent density flux varies similarly to TKE in the vertical, this could lead to a density flux48
convergence and, consequently, to diabatic downwelling. A conundrum arises in the obser-49
vation that vast areas of the deep ocean have favourable conditions for diabatic upwelling50
to occur, but turbulent mixing is too weak there (small K z ) to generate as much diabatic51
upwelling of abyssal waters as we know is needed to support the global meridional over-52
turning circulation. At the same time, regions of intense and bottom intensified turbulent53
mixing imply diabatic downwelling, instead of upwelling.54
Several solutions have been suggested to solve this puzzle. Klocker and McDougall55
[2010] observed that, since the area of ocean basins decreases with depth, the net (inte-56
grated) density flow across a given isopycnal of area S0 can still be larger than the flux57
across a deeper isopycnal of area S1, even if Kz increases with depth, resulting in density58
flux divergence over the bounded density layer or diabatic upwelling. Following Jackett59
and McDougall [1997], we define an isopycnal as a surface of neutral density γ, where60
we subtract 1000 kg m−3 from the neutral density values. The difference between the two61
density surface areas, S0 − S1, is called the density layer intercept with the bottom of the62
basin. It has been hypothesised that abyssal water upwelling happens along the bottom63
boundaries of the basin, and is predominantly set by the size of the bottom intercept ar-64
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eas of the density layers [Ferrari et al., 2016; de Lavergne et al., 2016; McDougall and65
Ferrari, 2017].66
Geothermal heating, acting solely at the bottom boundary, contributes to buoyancy67
flux convergence within the weakly stratified Bottom Boundary Layer (wsBBL). Mod-68
elling studies of various levels of complexity [e.g., Adcroft et al., 2001; Emile-Geay and69
Madec, 2009; Hofmann and Morales Maqueda, 2009] have debated the importance of70
geothermal heating for watermass transformation with simulated contributions ranging71
from negligible to over 30%. The single observational estimate, de Lavergne et al. [2016],72
finds a 40% contribution of geothermal heating to the upwelling of the Antarctic Bottom73
Waters (AABW).74
The purpose of this study is to compare new observational evidence with the devel-75
oping theories on abyssal water mass transformation. We investigate the semi-enclosed76
Panama Basin using recently collected high-resolution hydrographic data. We adopt the77
water mass transformation framework of Walin [1982], as explained in section 3, to eval-78
uate the importance of geothermal heating for abyssal water diapycnal upwelling (section79
4).80
2 The Panama Basin81
The Panama Basin is almost completely shielded from the rest of the equatorial Pa-82
cific Ocean below about 2500 m (Figure 1). The only deep water exchange pathway is a83
passage between the Carnegie Ridge and the South American continental slope called the84
Ecuador Trench, with a sill depth of about 2930 m. An inflow through the trench into the85
basin at a rate of 0.29 ± 0.07 Sv with neutral density range between 28.016 kg m−3 and86
27.967 kg m−3 was estimated in the first part of this study [Banyte et al., 2018a]. In this87
study, we show that the discretized density layer γ = 27.970±0.001 kg m−3 has the largest88
incrop area that results in largest water mass transformation rate in the wsBBL driven by89
the geothermal heating. As a result, we identify the isopycnal γ27.970 as the upper bound-90
ary of the abyssal water layer.91
Hydrography reveals that abyssal waters entering the basin experience a strong trans-92
formation in the first 200 km downstream of the inflow [Banyte et al., 2018a]. Over this93
short distance, all waters denser than than 27.988 kg m−3 are transformed into lighter wa-94
ters. The observed bottom density change of 0.028 kg m−3 is also reflected in a bottom95
temperature rise of 0.15◦C. Banyte et al. [2018a] hypothesised that the intense turbulent96
mixing leading to this dramatic water mass transformation is caused by a hydraulic jump97
resulting from critical flow through the passage. Abyssal water mass transformation fur-98
ther into the basin is much more gradual, but comparable in magnitude, and is estimated99
to be 0.021 kg m−3 (0.10◦C).100
3 Theory: Abyssal Water Transformation104
Abyssal water mass transformation inside the basin is analysed using the water mass105
transformation framework of Walin [1982] assuming steady state conditions for a volume106
of fluid, ∆V , bound by neutral density surfaces, γ and γ + ∆γ. In general, we follow the107
notation of Nurser et al. [1999] and use their derivation of volume and mass conservation108
for the volume of fluid. The lateral flux of fluid into ∆V is denoted by ∆Ψ, the diabatic109
flows (water mass transformation) through the bounding density surfaces are denoted by110
G(γ) and G(γ + ∆γ) (Figure 2). The analysis makes the approximation that all density111
transformations are due to either geothermal heatfluxes or turbulent mixing, neglecting112
the effects of cabbeling, thermobaricity, and neutral helicity. Unlike Nurser et al. [1999],113
however, G(γ) is chosen to be positive in the direction of decreasing density (or decreas-114
ing depth). Thus, by this definition, water mass transformation leading to lighter water is115
positive (G(γ) > 0):116
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Figure 1. The bathymetry of the Panama Basin. Red dots indicate the locations of CTD casts collected
between December 2014 and March 2015. Bathymetry contours mark the depths of 2000 m and 3000 m. The
thick, brown line marks the location of geothermal heating larger than 500 mW m−2.
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102
103
G(γ) =
∂Ddi f f (γ)
∂γ
+
∂Dsur f (γ)
∂γ
, (1)
where Ddi f f is the net turbulent density flux across isopycnal γ, positive in the direction117
of increasing densities, and Dsur f is the surface density outflux through the seabed of all118
the water denser than γ and is caused by geothermal heating.119
Equation 1 links the rate of water mass transformation to the processes causing the120
said transformation. A diapycnal volume flux directed from dense to light water G(γ) > 0121
requires a divergence of density fluxes driven either by turbulence, ∂Ddi f f /∂γ > 0, or by122
geothermal heating, ∂Dsur f /∂γ > 0.123
The integrated downgradient diffusive density flux across the isopycnal γ of area130
SD (γ) can be expressed as131
Ddi f f (γ) = − < F (γ) > SD (γ), (2)
where F (γ) is upgradient density flux that is sometimes parametrized through diapycnal132
vertical diffusivity K z and density gradient γz as: F (γ) = −K
zγz , with z increasing down-133
wards. The density fluxes in equation 2 are averaged over the whole isopycnal as:134
< F (γ) >=
1
SD (γ)
∫
SD (γ)
FdSD . (3)
Similarly, Dsur f (γ) can be expressed as135
Dsur f (γ) = −
α
Cp
< q(γ) > SF (γ), (4)
where α is the thermal expansion coefficient of seawater and Cp is the heat capacity of136
seawater. Both are considered to be constant. < q(γ) > is the average geothermal heatflux137
over the sea floor region of area SF (γ) located underneath isopycnal γ:138
< q(γ) >=
1
SF (γ)
∫
SF (γ)
qdSF , (5)
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Figure 2. Schematics of discretized density layers in an idealised basin along meridional transect (top) and
two zonal transects: near to the source (a) and further into the basin (b). The net inflow into the basin between
the seabed and the isopycnal layer γ is denoted by Ψ(γ). Similarly, G(γ) denotes the net water mass trans-
formation rate across the density surface γ. Diffusive and geothermal density fluxes are marked by Ddi f f
and Dsur f The top figure visualizes formation of incrops with the area of ∆SI , while zonal transects below -
formation of bottom intercept areas at the sloping walls of the basin.
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where q is the in-situ geothermal heatflux.139
Introducing (2) and (4) in (1), we reach the following expression.140
G(γ) = gdF + gdq + gF + gq =
= −
(
∂F (γ)
∂γ
+
α
Cp
∂q
∂γ
)
S −
(
F (γ) +
α
Cp
q
)
∂S
∂γ
,
(6)
where, for convenience, we have dropped the angle brackets from the average quantities141
defined in (3) and (5). We have also made the approximation SD ≃ SF = S.142
The ∂S/∂γ is always negative, because horizontal area of isopycnals is increasing143
with lighter densities located higher up in the water column. The increase in S happens144
due to the access of lighter waters to the boundary, either the bottom of the basin, or its145
walls (Figure 2). Hence, ∂S/∂γ denotes the bottom intercept area, which is a sum of in-146
crop area at the bottom of the basin and bottom intercepts at the basin walls.147
As ∂S/∂γ is negative, the terms gF and gq in equation 6 are always positive. The148
term gdq , which represents spatial variation of geothermal heating, we show, is also posi-149
tive in the Panama Basin. The only negative term in equation 6 is expected to be gdF on150
the condition that density fluxes F are bottom intensified.151
In the steady state, if there is inflow of abyssal water into the basin, the integrated152
volume flux between the seabed and isopycnal γ (Ψ(γ)) increases monotonically ap-153
proaching the upper boundary of the inflow, above which the flow reverses, and so must154
G(γ). In other words, the net water mass transformation through the sequence of isopy-155
cnals increases as water becomes lighter. This increase must be associated with a con-156
comitant increase in at least one of the terms of the decomposition in equation 6. We will157
argue below that the terms growing the fastest with decreasing γ are those proportional to158
∂S/∂γ, namely the terms gF and gq . This study, consistent with the global analysis of [de159
Lavergne et al., 2016], shows that lighter abyssal waters tend to have larger bottom inter-160
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cept areas, typically reaching a maximum for the density range corresponding to the upper161
boundary of abyssal waters.162
4 Observations163
4.1 Data description164
All observational data used in this study were collected between December 2014165
and March 2015. The two cruises on RRS James Cook (JC112) and FS Sonne (SO238)166
were funded as part of the multi-institute research project OSCAR (Oceanographic and167
Seismic Characterisation of heat dissipation and alteration by hydrothermal fluids at an168
Axial Ridge) that aims to investigate the coupling of hydrothermal flow between the ocean169
and the lithosphere and its impact on the evolution of the oceanic crust and on basin-scale170
circulation. All of the 132 conductivity-temperature-depth (CTD) casts went down to ap-171
proximately 5 m above the bottom. The vertical distributions of temperature, salinity, and172
dissolved oxygen were measured with a SBE911plus CTD system (Sea-Bird Electron-173
ics, Inc.). The accuracy of the sensors was 0.001◦C, 0.0003 S m−1, 1 dB, and 0.1 ml l−1174
(4.47µmol kg−1) for temperature, conductivity, pressure, and oxygen, respectively. This175
results in density accuracy of 0.004 kg m−3. However, the precision of CTD sensors is176
much greater than their accuracy, which allows us to accurately evaluate density gradi-177
ents as small as 10−5 kg m−4 when defining the upper boundary of the wsBBL. The use178
of density gradient criteria to identify the wsBBL is discussed further in [Banyte et al.,179
2018b].180
The geothermal heatflux in the basin was estimated by using the age map of the181
ocean floor [Müller et al., 1997] as a proxy for the heat flow. This sea floor age dataset182
has a resolution of 0.1◦ × 0.1◦. Then, we applied the formula of Stein and Stein [1992]183
linking the age of the bedrock to the heat flow through the crust: q(t) = 510t−0.5, where t184
is crust age in Myr (million years) and q is the heat flow in mWm−2. The ridges travers-185
ing the western side of the Basin stand out due to their large heat flow estimate (Figure186
1). It is expected that the Stein and Stein [1992] formula overestimates the geothermal187
heatflux for very young crust, as their estimate in that case approaches infinity. Hence, we188
imposed an upper limit of 550 mW m−2 on the geothermal heating estimates. The result-189
ing difference in the total heatflux for the incrop of the γ = 27.970 ± 0.001 kg m−3 layer190
is estimated to be 4%.191
4.2 The weakly stratified bottom boundary layer192
To define the boundaries of the bottom intercept areas of density layers, the bottom193
densities of abyssal waters must be mapped. However, a near bottom density measurement194
might not represent abyssal waters if taken over shallow locations. Instead, the hydro-195
graphic data indicate that a thick wsBBL covers most of the basin (Figure 3). Assuming196
that thick wsBBL can only form at the bottom of the basin, but not over basin walls, such197
as shallow ridges, only profiles having a thick wsBBL were taken to map the bottom den-198
sity.199
The wsBBL was defined as the abyssal region where density gradients are smaller200
than 1 × 10−5 kg m−4 (see details in Appendix .1), computed over 50 m depth intervals.201
For this reason only stations with the estimated wsBBL thickness larger than 50 m were202
used for mapping. Of the 132 neutral density profiles in the Panama Basin, 78 had wsB-203
BLs thicker than 50 m and, for these profiles, the median thickness of the wsBBL is 350204
m; at seven sites the wsBBL was found to be over 1000 m thick.205
The density and pressure, γwsBBL and PwsBBL , at the upper boundary of the weakly210
stratified bottom waters are highly correlated with one another (top right panel of Figure211
3) and vary smoothly in space. This is a common property of abyssal waters observed212
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Figure 3. Vertical neutral density profiles (grey) with the wsBBL, identified by the search algorithm pre-
sented in Appendix .1, marked in black. The horizontal dashed line marks the upper boundary of abyssal
waters. The top right figure shows the density-pressure relation estimated at the top of wsBBL with their
linear fit marked by the red line.
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Figure 4. Map of interpolated γwsBBL (left) and recomputed PwsBBL (right). The squares indicate the lo-
cation of the CTD casts. The thin black line delineates the 2900 m isobath, which approximately corresponds
to the PwsBBL (γ = 27.970) value. The thick grey line indicates the location of the spreading axial ridges in
the basin.
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228
over most of the global ocean basins [Banyte et al., 2018b]. Consequently we use γwsBBL213
to map bottom density and the linear relation between γwsBBL and PwsBBL to outline214
shallow bathymetry (Figure 4) with details given in Appendix .2.215
Taking the bathymetry into account, the density map reveals the pathway of abyssal216
waters as they fill the basin. The densest waters, as expected, are channelled along the217
deepest trenches in the eastern part of the basin. However, as they fill the basin, the bot-218
tom waters become lighter, and their PwsBBL becomes shallower, which leads to weaker219
topographic constraints. In the east of the basin, the narrow trenches are the main arteries220
along which the dense water spreads. In the west, the similarly narrow trenches are com-221
pletely flooded with nearly homogeneous bottom waters, the upper boundary of which is222
located some 800 m higher up in the water column (Figure 3). Overall, shallow PwsBBL223
supports wsBBLs that can become over 1000 m thick over deep trenches.224
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4.3 Incrops229
The term incrop was used by de Lavergne et al. [2016] to refer to the bottom inter-230
cept area of ocean density layers, by analogy with the density layer outcrops at the sea231
surface. In the same way as outcrops at the sea surface can be associated with mixed232
layers hundreds of meters deep, incrops can result in equally thick wsBBLs along the233
abyssal water spreading path. However, nearly flat isopycnals can be interrupted by slop-234
ing bathymetry along continental slopes, oceanic ridges, and sea mounts, creating thin235
wsBBLs just a few meters thick, as observed for example on the continental slopes [e.g.,236
Moum et al., 2004]. We call the latter regions the walls of the basin.237
In this study, only profiles with wsBBL thicker than 50 m were used for bottom238
density interpolation, hence, shallower density-depth profiles were therefore omitted from239
the interpolation. The resulting bottom density map reflects the map of incrops - bottom240
intercept areas of discretized density layers that are allowed to have thick wsBBL if only241
bathymetry permitted it. At the same time, the bottom intercept areas at the sloping walls242
of the basin cannot be directly observed either from our data or from historical datasets,243
because most of the CTD profiles stop at least 5 m above the bottom. Instead, such ar-244
eas are inferred from maps of stratification and bathymetry by assuming flat γwsBBL sur-245
faces at the depth of PwsBBL . In this way, the map of incrops as shown in Figure 4 can246
be completed with the bottom intercept areas at the basin walls (details in Appendix .2).247
In the Panama Basin, the density layer γ = 27.970 ± 0.001 kg m−3 is estimated to248
have the largest incrop area: about 75% of the total bottom intercept area is estimated to249
reside over the western side of the basin, where this density layer intercepts the bottom250
of the basin, while the remaining 25% of the bottom intercept is located away from the251
incrop, along the continental slopes and the flanks of shallow ridges (Figure 5). However,252
while isopycnal γ27.970 has the largest incrop area, the lighter isopycnal γ27.950 finishes to253
fill the bottom of the basin. This means that all of the lighter density layers do not form254
incrops with thick wsBBL, but have bottom intercept areas at the walls of the basin form-255
ing very thin wsBBLs (less than 50 m thick). In this study, waters with densities higher256
than γ = 27.970 kg m−3 are referred to as the abyssal water layer.257
For abyssal waters, incrop areas tend to be larger for lighter densities (Figure 6c),258
reaching a maximum for the upper boundary of abyssal waters at γ27.970. The bottom in-259
tercept areas at the basin walls are also slightly increasing with lighter waters, but less260
sharply than incrops. Furthermore, for most of the lighter abyssal waters, the areas of261
the bottom intercepts at the walls are smaller than the incrop areas for the same density262
layers. Therefore, although the total area of density layers is monotonically increasing as263
waters become lighter (Figure 6a), this does not mean that hypsometry (increase in the264
area of the ocean basins with depth) defines the size of the bottom intercept areas for the265
abyssal waters in the basin.266
The spatial extent of abyssal isopycnals is strongly controlled by transformation pro-267
cesses which prevent them from spreading uniformly through the basin (Figure 4). It is268
instructive to estimate the hypothetical intercept area of the abyssal waters in the basin if269
they could spread horizontally without transformation to fill the basin. In this case, the in-270
tercept area would be controlled purely by the basin average stratification and by hypsom-271
etry. We have done this calculation using the PwsBBL − γwsBBL relation discussed above272
(Figure 7). Bathymetry by itself would allow larger spatial extents of all abyssal waters273
up to the isopycnal γ27.950, with the largest differences estimated below γ27.970 isopycnal.274
Hence, the area of abyssal waters is controlled not by hypsometry but by the existence275
and extent of incrops.276
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Figure 5. Spatial distribution of the largest incrop, corresponding to the neutral density layer γ =
27.970 ± 0.001 kg m−3. Blue dots mark the incrop area ∆SI , while the red dots mark the rest of the total
bottom intercept area (∆S − ∆SI ). Bathymetry contours mark the depth of 3000 m.
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Figure 6. a) Surface area of the neutral density surfaces, b) bottom intercept area of the discretized density
layers, and c) incrop area with the red line representing the bottom intercepts at the walls of the basin. Both
b) and c) are calculate for a density increment of 0.002 kg m−3. Dashed lines show ranges of error estimates
caused by the sparse sampling of the basin. The horizontal line marks the upper boundary of abyssal waters.
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Smax (γ)/S(γ).
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285
4.4 Geothermal heating contribution to water mass transformation286
In a semi-enclosed basin, such as the Panama Basin, and assuming a steady state,287
volume conservation dictates that integrated abyssal water volume influx into the basin288
Ψ(γ) is equal to water mass transformation across the abyssal water boundary γ. Hence,289
the isopycnal corresponding to the lightest abyssal waters that inflow into the Panama290
Basin through the Ecuador Trench passage will experience the largest diapycnal upwelling.291
They also happen to have the largest incrop area, as was shown above. Both turbulent dif-292
fusion and geothermal heating contribute to density flux divergence over the incrops (the293
terms gF and gq in equation 6 are always positive). In this section, we evaluate the contri-294
bution of geothermal heating to abyssal water mass transformation.295
Geothermal heating in the Panama Basin is highly variable in space. The three spread-296
ing ridges on the western side of the basin emit large geothermal heat fluxes (Figure 1) in297
comparison to the basin average flux of 210 mW m−2. Yet, while heat fluxes directly over298
the ridges have in all likelihood an important effect on the local circulation, the incrop299
areas of lightest abyssal waters extend well beyond the ridges, which suggests that the300
contribution of geothermal hotspots to the total density flux divergence over the incrops is301
modest. For example, approximately 2% of the total bottom intercept area of the isopyc-302
nal 27.970 ± 0.001 kg m−3 is located above geothermal sources larger than 550 mW m−2,303
contributing only 10% to the total water mass transformation associated with geothermal304
heating in this layer.305
As spreading ridges are located on the western side of the basin, the average geother-306
mal heating q enveloped by lighter densities is increasing, ∂q/∂γ < 0 (Figure 8). Re-307
spectively, the term gdq in equation 6 is positive. For abyssal waters, the estimated av-308
erage density gradient of q is of the order of 5 W m kg−1. Due to large incrop areas,309
abyssal waters have exceptionally small ratios of isopycnal surface area, S, to bottom in-310
tercept area, ∆S, which we show in the section below to be ∼ 5 for density layers with311
∆γ = 0.002 kg m−3 increments. As a result, a comparison of terms gdq and gq reveals312
that gdq is ∼ 25% of gq and has a non-negligible contribution to the abyssal water up-313
welling.314
The lightest abyssal water layer 27.970 ± 0.001 kg m−3 has the largest bottom inter-315
cept area and receives the largest amount of geothermal heat at around (1.7±0.6)×1010 W316
(Figure 8); the error analysis for this estimate is presented in Appendix .2. This geother-317
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Figure 8. a) Geothermal heat flux over the total bottom intercept area of an isopycnal layer, b) geothermal
heatflux only over the incrop with the red line representing geothermal heat gain at the walls of the basin, and
c) average geothermal heat flux over the entire area covered by an isopycnal. All are calculate for a density
increment of 0.002 kg m−3. Dashed lines show ranges of error estimates caused by the sparse sampling of the
basin. The horizontal line marks the upper boundary of abyssal waters.
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333
mal heating is associated with an estimated abyssal water upwelling of gq = 0.32 ± 0.11318
Sv across the density surface γ27.97. These calculations have been made with a thermal319
expansion coefficient of α = (1.5 ± 0.15) × 10−4 K−1 and a heat capacity of seawater320
of Cp = 3992 J kg
−1 K−1. Since the abyssal water inflow into the basin is 0.29 ± 0.07321
Sv [Banyte et al., 2018a], these estimates show that geothermal heating is the dominant322
process causing water mass transformation in the basin (from 60% to 100%), when away323
from the highly turbulent region of the Ecuador trench.324
In conclusion, the abyssal water upwelling in the Panama Basin is strong both due325
to the strong geothermal heating, which is estimated to be three times the global average,326
but also due to spatial distribution of geothermal hotspots located at the far-end from the327
abyssal water inflow passage.328
4.5 The influence of stratification on water mass transformation334
Observations show that turbulent energy dissipation can increase by at least an or-335
der of magnitude over areas of rough topography [e.g., Waterhouse et al., 2014]. The336
bottom intensification of mixing is only modest over smooth sea floors. Away from the337
boundaries, the ocean seems to have a more or less uniform background diffusivity of338
K z
b
= 10−5 m2 s−1. This raises the question of how this small background diffusivity339
affects the abyssal and deep water upwelling in the Panama Basin. Here, we investigate340
whether interior water upwelling driven by constant turbulent diffusivity in an environment341
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Figure 9. Average density-pressure (left) and density gradient profiles (right) over the incrops discretized
with density increments of 0.002 kg m−3. The red profile represents the average profile located over the
largest incrop area of γ27.97. The horizontal line marks the upper boundary of abyssal waters.
364
365
366
where stratification increases rapidly above the wsBBL can be significant in comparison to342
water upwelling at the boundaries.343
The total surface area of density layers (S) is significantly larger than the size of344
their bottom intercept areas (∆S), especially for waters lying above the abyssal water345
layer. Stratification increases with height above the bottom, which with a large surface346
area of isopycnals, could dominate the vertical divergence of the turbulent density flux347
and, correspondingly, the diabatic upwelling in the basin’s interior. For the case of weak348
background diffusivity, taken as a constant for both basin’s interior and at the upper bound-349
ary of the wsBBL, the terms gdF and gF in equation 6 can be compared. In this case,350
density fluxes are parametrized as F (γ) = K z
b
γz .351
Comparing terms gdF and gF in equation 6 with parametrized density fluxes:352
gdF
gF
=
∆γzS(γ)
γz∆S(γ)
(7)
where the density discretization interval is ∆γ = 0.002 kg m−3, ∆γz and ∆S(γ) are equal353
to (∂γz/∂γ)∆γ and (∂S/∂γ)∆γ, respectively.354
In general, the vertical density gradient is highly variable along any density surface:355
the strongest abyssal stratification occurs near the inflow passage of the Ecuador Trench356
and the weakest at the incrops. The incrops are, by definition, accompanied by thick wsB-357
BLs. Above the wsBBL, the vertical isopycnal density gradient tends to increase with de-358
creasing densities (right panel of Figure 9). However, the profiles near the Ecuador Trench359
demonstrate how ocean dynamics affect the abyssal water stratification: waters just above360
γ27.97 have weaker density gradients than below. This is because these lighter waters are361
part of the outflow of homogenized deep waters from the Panama Basin into the open Pa-362
cific.363
Despite the tendency for the stratification in any single water column to increase370
with decreasing density, the basin averaged stratification does not necessarily follow this371
pattern. The reason for this is the incrop area, and therefore the area of weak stratifica-372
tion, that gradually increases for lighter abyssal waters. Large incrop areas result in a373
large weight of weak stratification in the basin average of γz (γ). In the Panama Basin,374
the basin average of γz (γ) varies by less than 10% at the upper boundary of abyssal wa-375
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367
368
369
ter layer, in the density range between γ27.976 and γ27.970 (black circles in right panel of376
Figure 9). Furthermore, the ratio of the total isopycnal surface area (S) to the bottom in-377
tercept area (∆S) is also exceptionally small: varying between 2 and 7 (Figure 10), due to378
either large ∆S, or S being much smaller than hypsometry allows it: S < Smax (Figure 7).379
As a result, diabatic abyssal water upwelling at the incrops dominates over the basin-wide380
abyssal water upwelling (gdF/gF < 1).381
A reverse outcome is expected for the deep waters above the abyssal water layer.382
The ratio S to ∆S is expected to grow significantly for deep waters controlled by hypsom-383
etry. For example, for deep waters immediately above the abyssal water layer, the S/∆S384
ratio grows rapidly from an estimated value of 5 for the density layer 27.970 ± 0.001 kg385
m−3, to 40 for the isopycnal γ27.95 (at ∼ 2300 m depth), which is still within the semi-386
enclosed basin. At the same time, the basin average density gradient grows at the rate of387
5 × 10−6 kg m−4 per density step of 0.002 kg m−3, reaching a density gradient of 8 × 10−5388
kg m−4 for the same isopycnal of γ27.95 (Figure 9), resulting in the ratio of 2.5 in equa-389
tion 7. The ratio is expected to increase even further with lighter waters, following the390
increase of ratio S/∆S. As a result, upwelling of deep (but not abyssal) waters is much391
more likely to be basin-wide, along the whole density surfaces, as originally suggested392
by Stommel [1958], unless the bottom intensified turbulence drives significant water mass393
transformation at the walls of the basin.394
In conclusion, for abyssal waters, boundary upwelling is much more important than395
for the deep waters above them, because abyssal waters have access to the bottom of the396
basin resulting in formation of incrops and, overall, exceptionally large bottom intercept397
areas of density layers. This becomes even more significant when turbulence intensifies398
with depth, which is investigated below.399
4.6 Bottom intensified mixing400
To understand the turbulence driven deep water mass transformation in the basin401
a more realistic parametrization of turbulence must be implemented. Two scenarios are402
addressed here: 1) turbulent density flux is strong near the bottom and rapidly decreases403
with height above the bottom, 2) turbulent density flux is an order of magnitude weaker404
near the bottom and only slowly decreases in height. The first case represents highly tur-405
bulent regions, while the second case corresponds to ‘normal’ conditions.406
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Specifically, density flux is parametrized as an exponential function following Fer-407
rari et al. [2016] with the reference to the global estimates of turbulent dissipation (ǫ)408
over ridges and rough topography [Waterhouse et al., 2014]:409
F (h) = F0e
−h/d , (8)
where F0 is density flux at the bottom, h is height above the bottom, and d is an e-folding410
scale of the exponential function. However, density fluxes only above the wsBBL where411
considered h > PwsBBL , because wsBBL is a layer where mixing efficiency reduces due412
to a very weak stratification and diffusive density fluxes at the bottom are zero.413
In Case 1, the case of the greatest bottom intensification of turbulence, density fluxes414
are parametrized with parameters F0 = 2 × 10
−8 kg m−2 s−1, and d = 500 m. Such a415
parametrization is comparable to the turbulent dissipation intensification measured over416
some parts of the mid-ocean ridges as given by Waterhouse et al. [2014]. In the case of417
‘normal’ turbulence enhancement with depth (Case 2), density fluxes are parametrized418
with parameters F0 = 2 × 10
−9 kg m−2 s−1, and d = 1000 m. Such parametrization is419
comparable to the turbulent dissipation intensification as measured over the rough topogra-420
phy [Waterhouse et al., 2014].421
The water mass transformation framework used in this study is formulated in den-422
sity space, hence, density fluxes expressed against the height above the bottom must be423
converted to density units by using the local stratification profile. Stratification profiles as424
a function of density (see Figure 9) are averaged on density surfaces. Thus, having a map425
of the bottom density, local stratification is known everywhere in the basin as well. Near426
the Ecuador Trench, the abyssal water source, abyssal and deep water stratification is the427
strongest, while over incrops it is the weakest. The largest incrops being located at the428
western side of the basin, the bottom intensified turbulence is much more compressed in429
density space at the western side of the basin, than at the eastern side.430
With turbulence increasing exponentially as the bottom is approached, the largest431
turbulent density fluxes are found at the top of the BBL, here chosen to be PwsBBL . Just432
above the PwsBBL , the density flux convergence ∆F (γ)/∆γ is also at its maximum. Lo-433
cally, both the density flux and its convergence decrease with lighter densities. How-434
ever, the isopycnal area increases with lighter densities, which has a strong effect on area-435
integrated values. Consequently, the spatial integral of density flux convergence < ∆F (γ)/∆γ >436
S reaches a maximum just above the γ27.970 (Figure 11), which has the largest incrop437
area.438
In general, the density flux convergence is larger for those regions located over the439
walls of the basin. In particular, F (γ) at the top of the wsBBL is stronger over the walls440
due to thin wsBBL. For example, due to variations in thickness of the wsBBL over in-441
crops, the maximum density flux at the top of the wsBBL is on average twice smaller442
than the chosen F0 value (not shown). As a second example, bottom intensified turbu-443
lence is more compressed over incrops due to weak abyssal stratification, thus, density444
fluxes are larger over the walls throughout the whole abyssal and deep water column. On445
the other hand, more compressed turbulence over the incrops means that the density flux446
convergence can become stronger just above the wsBBL, which explains the sharp peak447
in spatially integrated density flux convergence when the largest incrop area of γ27.970 is448
included in the integration (Figure 11).449
The density flux convergence drives water downwelling. The area integral of this455
downwelling increases for abyssal waters, reaches a maximum just above the abyssal wa-456
ter layer, and reduces for the deep waters above (Figure 12). The strength of the down-457
welling is highly sensitive to the chosen parametrization of density fluxes. With exception-458
ally strong bottom intensified turbulence with F0 = 2 × 10
−8 kg m−2 s−1, the largest down-459
welling amounts to 0.27 Sv, while upwelling at the BBL driven by the same turbulence460
amounts to 0.47 Sv, which yields a total upwelling at the upper boundary of abyssal wa-461
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Figure 11. Spatial integral of density flux divergence above the wsBBL for the exceptionally intense bot-
tom intensification of turbulence (Case 1), and for the strong bottom intensification of turbulence (Case 2).
The integration area is divided into sections: incrops, walls of the basin, where wsBBL is very thin, and sum
of both. Horizontal lines mark the upper boundary of the abyssal water layer γ27.97 and the lightest isopycnal
with the access to the bottom of the basin γ27.95. Note the different x-axis in two figures.
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ters of ∼ 0.2 Sv. An order of magnitude smaller Fγ yields an order of magnitude smaller462
water mass transformation rates with the total upwelling estimate of ∼ 0.04 Sv.463
Furthermore, it is interesting to observe that in the Case 2, the diabatic upwelling464
driven by the background turbulence of constant K z
b
= 10−5 m2 s−1 is relatively small465
for abyssal waters, but as soon as density layers stop having access to the bottom of the466
basin, above isopycnal γ27.950, the background turbulence becomes dominant. However,467
we note that isopycnal γ27.950 spreads at depth of 2300 m, and that waters above γ27.950468
start to have an exchange with the tropical Pacific Basin. The incrops of those lighter wa-469
ters are located outside the Panama Basin, and only a small part of their bottom intercepts470
are located at the walls of the Panama Basin.471
In section 4.4, we have estimated that geothermal heating results in a diabatic up-472
welling rate across the upper boundary of abyssal water layer that has the same magni-473
tude as the total inflow of abyssal waters into the basin of ∼ 0.3 Sv. Hence, the turbu-474
lent simulation Case 2 with very weak contribution to the total diabatic upwelling of only475
∼ 0.04 Sv is a more reasonable scenario than Case 1. All the same, Case 2 represents a476
strong bottom intensification of turbulence that is comparable to the turbulent dissipation477
observed over rough topography [Waterhouse et al., 2014].478
5 Summary and Discussion485
The Panama Basin serves as a conveniently small observatory for abyssal water in-486
vestigation. The basin is unique in having a single passage for abyssal water inflow into487
the basin, the magnitude of which is estimated to be 0.29 ± 0.07 Sv [Banyte et al., 2018a]488
and a strong geothermal heating rate inside the basin. Banyte et al. [2018a] estimated that489
about half of the densest abyssal waters inflowing through the Ecuador Trench become490
lighter within a distance of 200 km downstream of the sill of the trench. This study analy-491
ses how abyssal waters upwell away from the intensely turbulent narrow passage.492
Together with recent studies of Ferrari et al. [2016]; de Lavergne et al. [2016]; Mc-493
Dougall and Ferrari [2017], we confirm that abyssal upwelling happens predominantly494
within the weakly stratified bottom boundary layer (wsBBL), the latter being formed when495
isopycnals intercept the bottom of the basin, which we denote an incrop. The incrop areas496
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Figure 12. Spatially integrated density flux divergence in the Panama Basin for the exceptionally intense
bottom intensification of turbulence (Case 1), and for the strong bottom intensification of turbulence (Case 2).
The profiles show downwelling above wsBBL (red) and upwelling at the wsBBL (blue) driven by the bottom
intensified turbulence, the upwelling driven by the background turbulence (gray) and their total upwelling
(black). Horizontal lines mark the upper boundary of the abyssal water layer and the lightest isopycnal with
the access to the bottom of the basin. Note the different x-axis in two figures.
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increase as abyssal waters become lighter as they move from the eastern to the western497
side of the basin. Towards the west, geothermal heating also intensifies due to the pres-498
ence of active spreading ridges. Large incrop areas and large geothermal heating rates re-499
sult in an integral heating of bottom waters that amount to a total diabatic upwelling of500
0.32 ± 0.11 Sv. Geothermal heating is the dominant forcing in the interior of the basin for501
abyssal water mass transformation.502
Recent theories of abyssal water upwelling [Ferrari et al., 2016; McDougall and Fer-503
rari, 2017; de Lavergne et al., 2017] are based on the assumption of a very thin (a few504
meters thick) bottom boundary layer, as are observed to occur in shallow waters [Moum505
et al., 2004]. By contrast, in the Panama Basin, the wsBBL is hundreds to over a thou-506
sand meters thick at some places. Similarly thick wsBBLs have been identified by Banyte507
et al. [2018b] in the global ocean. We argue that oceanic basins have the bottom surfaces,508
which allow thick incrops to form. The thickness of the wsBBL can be used as a rule of509
thumb to functionally differentiate between the oceanic bottom and its walls.510
Finally, we apply a common parametrisation of the turbulence driven density fluxes511
to evaluate the strength of the turbulence driven upwelling at the wsBBL and of the down-512
welling above it. Due to the opposing effects of the exponential decrease of density fluxes513
with height above the bottom and a rapid rate of increase in the area of isopycnals, the514
maximum in the diabatic downwelling is found just above the upper boundary of the515
abyssal waters. Consequently, the strongest upwelling rate is estimated to occur in the516
lightest abyssal waters that have the largest incrop area. Nevertheless, the turbulence-517
driven upwelling that occurs within the wsBBL is always larger than the diabatic down-518
welling above the wsBBL.519
In the Panama Basin, geothermal heating accounts for almost all of the water mass520
transformation that is required to close the abyssal water layer mass balance. From this521
we deduce that turbulent dissipation is responsible for only a small part of the abyssal522
water mass transformation. This conclusion is confirmed by application of a commonly523
used parametrization of turbulent density fluxes over the rough topography (Case 2, in524
section 4.6), which predicts just 0.04 Sv of diapycnal upwelling.525
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.1 Defining a weakly stratified bottom boundary layer526
The vertical density gradient γz was computed over each 50 m with a running step527
of 10 m. The wsBBL was defined where the vertical density gradient was smaller than528
1 × 10−5 kg m−4 and the thickness larger than 50 m. Sometimes, the water column of529
weak γz was interrupted by a short interval of high γz . In such cases, if the water column530
of weak γz was longer it was assumed that the part of high γz was an intrusion and, thus,531
neglected.532
.2 Computing the incrop area533
The γwsBBL was spatially interpolated with a nearest neighbour algorithm with 50534
km radius. In case of no cast found, a 150 km radius was used, instead. Then, topogra-535
phy that was shallower than the parametrized PwsBBL of the interpolated γwsBBL was536
removed. To evaluate how estimated incrop areas are affected by sampling, we ran 1000537
simulations with 70% of all the stations randomly sampled without repetition. The full538
area of the γi
wsBBL
surface was estimated as the horizontal area of abyssal region where539
densities are equal to or larger than γi
wsBBL
and deeper than PwsBBL (γi ).540
The error of isopycnal area estimates due to sparse sampling is by far the largest.541
It causes the error for the incrop area estimate of ∼ 50% as shown by dashed lines in542
Figures 6 and 8. The error of linear fit between PwsBBL and γwsBBL , by comparison, is543
much smaller and affects incrop estimates by ∼ 5%. We could not assess the error caused544
by the geothermal heating parametrization, but assume it to be also much smaller than the545
sparse sampling error.546
.3 The vertical density gradient547
The individual vertical density profiles were grouped by their γwsBBL with dis-548
cretization step of 0.002 kg m−3. In the range of γwsBBL chosen from 27.900 kg m
−3
549
to 27.990 kg m−3, in total, 45 mean vertical density profiles representing an incrop area550
were found. Then, each averaged profile was smoothed with a low pass filter over 400 m551
intervals and interpolated on a grid with 1 m increments. The basin-wide average of γz552
along neutral density surface γ was computed as:553
< γz (γ) >=
∑
i ∆SI (γi )γ
i
z (γ)∑
i ∆SI (γi )
, (.1)
where summation is over a number of profiles, representative of the area of the discretized554
incrop (∆SI ). The basin-wide average < γz > for each density surface is marked by a555
black dot in Figure 9.556
.4 Bottom intensified turbulent density fluxes557
The turbulent density flux at the location i is computed by using formula:558
F i (z) = F0e
− H
i−zi
d , (.2)
where H i is a local seabed depth and zi is the depth coordinate increasing with larger559
densities as in Figure 2. Only zi < Pi
wsBBL
was considered.560
The spatial integration of density fluxes over each discretized incrop is carried by 1)561
converting F i (z) to density space (F i (γ)), by using mean stratification profile averaged562
over the incrop, 2) averaging F i (γ) spatially over incrop area in density space with anal-563
ogy to equation 3, and 3) multiplying by the size of an incrop area ∆SI (γ):564 ∑
γi<γ0
< F (γi ) > |incrop∆SI (γi ), (.3)
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The spatial integration of density fluxes over bottom intercept areas of discretized565
density layers at the walls is carried by 1) ‘coloring’ the whole region on the walls, where566
‘color’ represents the discretized bottom density in the bottom density atlas, 2) converting567
F i (z) to density space (F i (γ)) depending on the ‘color’ of the location with correspond-568
ing stratification profile of the incrop, 3) averaging F i (γ) first over the ‘colored’ regions,569
than over the whole bottom intercept area at the walls, and 4) multiplying by the size of570
the bottom intercept area at the walls ∆S − ∆SI (γ):571 ∑
γi<γ0
< F (γi ) > |wall s (∆S(γi ) − ∆SI (γi )). (.4)
The density flux divergence is integrated in a similar way. For example, over in-572
crops, the density flux divergence for isopycnal γ0 +
dγ
2
can be written as:573
∑
γi<γ0
(< F (γi + dγ) > − < F (γi ) >) |incrop∆SI (γi ). (.5)
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